ABSTRACT
INTRODUCTION
In the treatment of brain tumors, the balance between tumor destruction and preservation of brain function is particularly delicate because of their invasive growth and the lack of curative treatment for most of them. Thus, therapeutic intervention is primarily palliative and, therefore, must preserve or improve brain function, rather than sacrificing it for tumor treatment of limited efficacy. On the other hand, tumor treatment should be as aggressive and effective as possible to gain survival time, with the extent of surgical resection still being one of the most important prognostic factors (1) . Assessing this delicate balance requires detailed information on tumor location and extent. In general, contrast-enhanced magnetic resonance imaging (MRI) or computed tomography (CT) serve to define the tumor margins. Contrast enhancement reflects regions of breakdown of blood-brain barrier and is taken as a surrogate marker for active tumor tissue. Still, contrast enhancement is an inaccurate indicator of active tumor. It is falsely negative in viable tumor parts that do not show blood-brain barrier breakdown, and it is falsely positive in necrotic or inflamed areas with blood-brain barrier disruption. Serial biopsies of patients undergoing craniotomy for malignant gliomas have shown tumor cells at a distance of Ͼ3 cm away from CT contrast enhancement (2, 3) . Moreover, MRI spectroscopy data also suggest that standard T1-weighted contrast-enhanced MRI may underestimate the volume of metabolically active tumors (4) . T2-weighted MRI abnormalities, previously believed to represent edema only, are known to include microscopic disease extension, as verified by biopsy studies by Kelly et al. (3) . In conclusion, advanced therapeutic strategies such as neuronavigation in neurosurgery, brachytherapy with stereotactically implanted isotopes, or conventional radiotherapy need a more accurate definition of tumor extent for target volume planning than provided by standard MRI or CT.
Many studies have shown that the margins of tumors, as assessed by positron emission tomography (PET) with amino acid tracers such as methyl- [ 11 C]L-methionine ([ 11 C]MET), are frequently wider than those assessed by MRI or CT (5) . This phenomenon is even more pronounced in low-grade tumors and in diffuse gliomatosis because of their frequent lack of contrast enhancement in MRI (6) . Also, in comparison with [ 18 F]-2-fluoro-2-deoxy-D-glucose, better tumor delineation is reported for amino acid tracers (7).
[ 11 C]MET is incorporated into most brain tumors, even into low-grade gliomas, and is being used in the management of patients with gliomas (8, 9) . [ 11 C]MET is a sensitive tracer in tumor detection, and it differentiates benign from malignant lesions with high sensitivity and specificity with relatively low background activity in normal brain tissue (5, 10) . [ 11 C]MET uptake correlates to cell proliferation in cell culture (11) , Ki-67 expression (12) , proliferating cell nuclear antigen expression (13) , and microvessel density (14) , indicating its role as a marker for active tumor proliferation and angiogenesis.
Increased amino acid uptake in gliomas is not a direct measure of protein synthesis but rather seems to be due to increased transport mediated by type L amino acid carriers. Miyagawa et al. (15) demonstrated in a rat tumor model that facilitated transport of amino acids is up-regulated and suggested that tumors can influence transporter expression in their vasculature.
Stereotactic biopsies guided by [ 11 C]MET-PET are more successful in finding tumor tissue than CT-only guided ones (16) . Mosskin et al. (17) in 1987 could demonstrate that [ 11 C]MET-PET accurately delineated the tumor in 22 of 31 cases when compared with histologic findings in stereotactic biopsies, but scanner resolution with 8-mm full width at half maximum and a slice thickness of 11 mm was low at that time.
In high-grade gliomas, areas with anaplastic changes have higher [ 11 C]MET uptake than tumor samples without histologic signs of anaplasia (18) . Presence of necrosis in the anaplastic samples may cause a decreased [
11 C]MET uptake (18) . Yet, it is still unclear whether the area of increased tracer uptake is restricted to solid tumor tissue or extends into infiltrating tumor parts when compared with normal brain or nontumorous tissue.
Localization of the exact position of a stereotactic biopsy sample in PET imaging data are difficult. In previous studies, procedures, including PET, CT, surgical planning, and biopsy, all needed to take place on the same day with a stereotactic head ring fixed (18) Mosskin et al. (17) used an individually molded plastic helmet that snaps into the PET and CT scanners to perform PET investigation and surgical procedure on consecutive days. In both instances, practicability and patient discomfort limited its applicability.
We developed a procedure for accurate projection of biopsy trajectories into MRI and [
11 C]MET-PET imaging data after stereotactic biopsy. This allowed an exact local comparison of the extent of signal changes in structural and functional imaging data and histopathological findings in the biopsy specimen without any additional strain for the patients.
PATIENTS AND METHODS
Patients. In this retrospective study thirty patients (age, 40 Ϯ 8.9 years; 16 female, 14 male) were investigated with [ 11 C]MET-PET within 2 years. Because PET studies were part of the preoperative diagnostic procedure, approval by the Institutional Review Board was not required. Twenty-two patients suffered from a newly diagnosed brain tumor, and in 8 patients, recurrent glioma was suspected after MRI. Six of the patients with recurrent disease had undergone radiation therapy.
One of the eight patients diagnosed with glioblastoma WHO grade 4 had progressed to secondary glioblastoma from a former grade 2 astrocytoma. The other seven patients were diagnosed with newly developed or recurrent primary de novo glioblastoma (19) . In a patient with grade 2 ependymoma and suspected recurrence, biopsy demonstrated normal brain tissue and in two patients no tumor could be confirmed in biopsy specimen.
After stereotactic biopsy, all patients received a final histologic diagnosis according the WHO grading system (20) . Individual patient data are given in Table 1 , and histologic diagnoses are summarized in Table 2 .
Imaging. (23) , were injected i.v. Tracer accumulation was recorded in thee-dimensional mode over 60 minutes in 47 transaxial slices from the entire brain. Summed activity from 20 to 60 minutes after tracer injection was used for image reconstruction. Images were reconstructed with fourier rebinning and filtered back projection with a ramp filter. Images were corrected for scatter, attenuation, and random coincidences. Spatial resolution was 6 mm or better in all dimensions. MRI was performed on a 1.5-T system (Gyroscan ACS-NT or Gyroscan Intera; Philips Medical Systems, Best, the Netherlands) with the standard quadrature head coil. A typical magnetic resonance examination consisted of axial T2-weighted turbo spin-echo and T1-weighted spinecho post contrast images with a slice thickness of 2 mm and a matrix size of 512 ϫ 512 pixels (voxel size, 0.5 ϫ 0.5 ϫ 2.0 mm).
In all patients, [ 11 C]MET-PET was performed as part of imaging procedures for presurgical biopsy planning. The preoperative MRI was linked with images of an intraoperative stereotactic CT (24) . One to three computer-assisted (STP 3.5; Stryker-Leibinger, Freiburg, Germany) trajectories for stereotactic biopsy were defined (25-27). In 13 patients, [ 11 C]MET-PET data were integrated directly into the trajectory planning procedure, and trajectories were defined on [
11 C]MET-PET. The location of biopsy was documented on stereotactic X-ray images and a hardcopy of the computer assisted planning procedure.
Image Processing. For exact local comparison of signal changes in presurgical PET and MRI, the biopsy trajectories were visualized in the preoperative planning MRI. A C-based program was developed using the following data: (a) preoperative digital MRI images; (b) landmark-based transformation parameters of preoperative MRI to the stereotactic coordinate system as defined during surgery planning; and (c) the target and entry point of biopsies. The preoperative MRI was transformed by a landmark based algorithm to the stereotactic coordinate system provided by intraoperative CT (24) . Then, the target and entry points of the trajectories used for biopsies were calculated within native coordinates of the original MRI data set. Voxels in the biopsy needle trajectory connecting both points were set to a fixed intensity with a width of two voxels . PET image and trajectory magnetic resonance images were rotated to show the complete biopsy trajectory on either the axial, coronar, or sagittal view (Fig. 1, A and B) . The position and length of each biopsy specimen documented during surgery was determined along the individual trajectories. For each specimen, local [ 11 C]MET uptake was determined within a rectangular region of interest of 4 mm in width and the length of the biopsy specimen (Fig. 1C) . Length of biopsies ranged between 4 and 7 mm. Additionally, a circular region of interest of 7 mm in diameter was placed in the area of maximum [
11 C]MET uptake. Within each region of interest, mean uptake was determined relative to a corresponding contralateral control region. Every specimen was rated for the presence or absence of contrast enhancement in enhanced T1-weighted MRI.
Histopathology. Tumor specimens were classified according to the WHO classification scheme for brain tumors (20) . Distinct histologic criteria were established for characterization of biopsy specimens and correlation with PET data: the biopsies were assessed for presence of solid tumor and brain tissue with infiltrating tumor cells. A solid tumor was characterized for the presence of gemistocytic tumor cells. Brain tissue with infiltrating tumor cells was additionally classified by distinguishing white and/or gray matter. The vascularization of the biopsy specimen was classified separately and subdivided into normal and tumor vascularization. Tumor vascularization was addition- NOTE. Individual data of 30 patients with suspected newly diagnosed or recurrent brain tumor who underwent serial stereotactic biopsy after ͓ 11 C͔MET-PET. Number of specimens includes those that were not suitable for examination.
* Radiation therapy before ͓ 11 C͔MET-PET. Abbreviation: CNS, central nervous system. ally differentiated in beginning proliferation, clear proliferation, and glomeruloid-like proliferation of the endothelium. Furthermore, branching of capillaries in oligodendroglial tumors was described. Nontumorous histopathological findings were classified as normal brain tissue or reactive brain tissue with gliosis, demyelination, necrosis, or inflammation.
For statistical analyses SPSS, version 10.0.7 (SPSS, Inc., Chicago, IL) was used, and graphs were plotted with SigmaPlot, version 7.0 (SPSS, Inc.).
RESULTS
Tumor Delineation. A total of 129 biopsy specimens was investigated. Eleven specimens were not suitable for histopathological examination. To determine the relative [ 11 C]MET uptake value that best distinguishes tumor (including solid tumor and brain tissue with infiltrating tumor cells, 100 specimens) from nontumorous brain tissue (18 specimens), receiver operating characteristic analysis was performed by varying the threshold of [
11 C]MET uptake over the whole range of values and calculating sensitivity and specificity for each value (Fig. 2) .
The best cutoff was found at a threshold of 1.3 relative [ 11 C]MET uptake with a sensitivity of 87% [95% confidence 11 C]MET uptake was varied over the whole range of values, and sensitivity and specificity were calculated for each value. At a threshold of 1.3, the sensitivity was 0.87 and the specificity was 0.89, respectively. One specimen demonstrating necrosis next to a solid glioblastoma was classified false positive with a relative [ 11 C]MET uptake of 1.48. In a patient with primary central nervous system lymphoma, high [ 11 C]MET uptake (2.13) was detected in an area with normal cerebellar cortex next to infiltrating tumor tissue. The only false positive finding in a patient with nontumorous disease showed demyelination in histology, but the area of highest uptake (relative [
11 C]MET 1.50) was not represented in the stereotactic biopsy. In 10 patients, the area of highest [ 11 C]MET uptake was not included in the biopsy specimen. In one patient, the biopsy specimen mainly demonstrated lymphocytic inflammation with a small proportion of polymorphic cells with atypical nuclei. In a fraction of these cells, p53-protein was detected by immunohistochemistry. The tumor was finally diagnosed as an anaplastic astrocytoma WHO grade 3, but additional differentiation between solid tumor and infiltration was impossible. Two patients with suspected recurrent glioblastoma after surgery and radiation therapy demonstrated a high relative Table 3 (8) . [ 11 C]MET uptake in subcompartments of the tumors is summarized in Table 4 . In grade 2 astrocytoma, mean [ 11 C]MET uptake in the infiltration area was significantly higher (Student's t test, P ϭ 0.003) than in solid tumor tissue. In grade 3 anaplastic astrocytoma, uptake in the area of infiltration differed from uptake in solid tumor (2.48 Ϯ 0.69 versus 1.90 Ϯ 0.61), but the difference did not reach statistical significance (Student's t test, P ϭ 0.129; Fig. 1 ). No such statistical significant difference was observed in patients with glioblastoma (Table 4 ). Highest maximum [
11 C]MET uptake was seen in three patients with primary central nervous system lymphoma ranging from 3.35 to 4.11. Nine of 10 specimens were clearly delineated with a mean relative [ 11 C]MET uptake of 2.98 Ϯ 0.70 overall 9 tumor specimens. One metastasis of a malignant melanoma presented with high [
11 C]MET uptake in all four specimens from solid tumor ranging from 2.78 to 2.93.
Signs of vascular proliferation were present in grade 3 gliomas and grade 4 glioblastomas. In these tumors, there was no significant difference of [ 11 C]MET uptake between areas with vascular proliferation and tissue specimens without typical signs of endothelial proliferation. Specimens without endothelial proliferation often demonstrated an increased number of vessels.
Gemistocytic cell populations were detected in two patients suffering from astrocytomas only. One of them demonstrated a relative [
11 C]MET uptake of 2.30, which is relatively high compared with other astrocytomas of WHO grade 2. Additionally, this patient had contrast enhancement on MRI in the area of one specimen, whereas no contrast enhancement was observed in the other 25 specimens of grade 2 astrocytomas.
In grade 3 anaplastic astrocytomas and grade 4 glioblastomas, 29 of 53 biopsy specimens were taken from areas with no signs of contrast enhancement. Twenty-five of these 29 specimens originated from solid tumor parts. There was no significant difference of relative [ 11 C]MET uptake between contrast enhancing tissue (1.89 Ϯ 0.60) and non-contrast-enhancing tissue (1.88 Ϯ 0.56) in this sample. NOTE. Maximum ͓ 11 C͔MET uptake within tumors of different histological type and WHO grade and nontumorous lesions. The maximum was defined in the area of highest ͓ 11 C͔MET uptake independent of biopsy localization, and the ratio to the corresponding contralateral region was calculated.
* Two patients with demyelation and one patient with suspected recurrent ependymoma WHO grade 2 but normal brain tissue and minor reactive changes in biopsy specimen. (18) NOTE. Mean ͓ 11 C͔MET uptake within different tumor subcompartments of gliomas of different WHO grade and nontumorous tissue. ͓ 11 C͔MET uptake was defined in the exact local position of each biopsy specimen, and the ratio to the corresponding contralateral region was calculated.
* Difference of ͓ 11 C͔MET uptake between infiltration and solid tumor statistically significant in Student's t test, P ϭ 0.003.
Abbreviation: N, number of biopsies.
DISCUSSION
The results of receiver operating characteristic analysis indicate that [ 11 C]MET-PET detects solid parts of brain tumors, as well as the infiltration area with high sensitivity (87%) and specificity (89%). This proves the superior properties of [ 11 C]MET-PET in delineating the tumor extent in a direct local comparison with histopathological changes. Thus, [ 11 C]MET-PET is an excellent tool for treatment planning in neurosurgery, stereotaxy, or radiation therapy to guide the delicate balance between effective tumor elimination and preservation of brain function. In addition, the information derived from [
11 C]MET-PET about the extent of active tumor tissue may be useful in monitoring systemic chemotherapy.
Current therapeutic strategies in the treatment of brain tumors, such as stereotactic radiation therapy, stereotactic brachytherapy, and neuronavigation in general neurosurgery, use preoperative imaging data, mainly from MRI and CT, to identify the target tumor tissue. The delineation properties of MRI or CT for the definition of tumor extent are poor. Usually, the contrast enhancement on standard contrast-enhanced T1-weighted MRI or CT, reflecting the breakdown of the bloodbrain barrier, is used as a surrogate marker for active tumor tissue. However, there are concerns about the validity of this assumption, especially because active tumor tissue can be found in regions where such a breakdown of the blood-brain barrier has not occurred (2-4). Because MET uptake within brain lesions, the threshold for differentiation of tumor tissue from nontumor tissue is somewhat lower with an increased sensitivity and specificity when compared with the in the previous study (8) . Patients that are referred to stereotactic biopsy are preselected and only patients where a nontumorous lesion such as inflammation, hemorrhage, or ischemic stroke cannot be excluded by other diagnostic procedures undergo stereotactic biopsy. This might explain the different thresholds for discrimination of brain tumors from nontumoral brain lesions (8) and for differentiation of tumor tissue from nontumor tissue within brain lesions in our study.
Because of ethical reasons no biopsies can be taken from areas that are not suspect of containing tumor, thus limiting the number of tumor-free biopsies. At a threshold of 1.3 in our study sensitivity was 87% with a 95% CI from 80 to 93, and specificity was 89% (95% CI, 72.2-100). This means that there is a remaining uncertainty with regard to correct classification in the order of 20 to 25% that should be kept in mind.
In grade 2 astrocytoma relative [ 11 C]MET uptake at a threshold of 1.30 underestimated tumor extent in ϳ25% of tissue samples. Low [
11 C]MET uptake in a proportion of grade 2 astrocytomas is a known feature of this histologic entity (8) .
Diameter of biopsies is only 1-2 mm and is not clearly represented even in high-resolution positron cameras such as the ECAT EXACT HR with a transaxial resolution of 3.6-mm full width at half maximum at the center of the field of view. Thus, tumor tissue with only slightly increased [
11 C]MET uptake might be hidden by normal brain uptake, and nontumor tissue next to highly accumulating tumor parts might show false positive [
11 C]MET uptake. Previous studies used PET cameras with 8-mm full width at half maximum and a slice thickness up to 11 mm. Modern scanners provide 3.6-mm full width at half maximum and a slice thickness of 3.125 mm (ECAT EXACT HR), resulting in improved delineation properties of [
11 C]MET uptake compared with the already good properties reported by Mosskin et al. (17) . One false positive finding was observed in a necrotic area. It was located next to solid tumor tissue with high [
11 C]MET uptake. Therefore, its high uptake might be because of partial volume effect. Another patient with acute demyelination was falsely classified positive by [ 11 C]MET-PET. A small number of acute inflammatory lesions with mild [ 11 C]MET uptake have been observed in previous studies (8, 32) .
With regards to differences of [ 11 C]MET uptake in the tumor subcompartments, astrocytomas WHO grade 2 demonstrated significantly higher [ 11 C]MET uptake in infiltration area compared with solid tumor tissue. Low-grade astrocytomas are slowly growing tumors with only a mildly increased cell count and low proliferative activity. Areas where astrocytoma cells penetrate brain parenchyma show a dynamic interplay of processes such as cell-cell adhesion, proteolytic remodeling, synthesis of extracellular matrix, and expression and activation of growth factors and integrins (33, 34) . Increased [ 11 C]MET uptake in areas of tumor invasion might reflect a higher demand for amino acids such as methionine for these processes compared with the slowly growing solid tumor tissue of low-grade astrocytomas. This is underlined by the fact that tumors with high microvessel density and the ability to recruit and modulate vasculature show increased [
11 C]MET uptake (14) . High microvessel density does not necessarily correlate with signs of endothelial proliferation (35) . In this study, vascular proliferation was per definition restricted to anaplastic astrocytoma grade 3 and glioblastoma grade 4, and there was no difference of [ 11 C]MET uptake between tissue with and without endothelial proliferation, but specimens without signs of endothelial proliferation often demonstrated stronger vascularization.
Endothelial proliferation and necrosis are associated with breakdown of the blood-brain barrier and often show contrast enhancement in MRI or CT (3, 29) . Twenty-nine of 53 specimens in malignant astrocytoma grade 3 and 4 presented with no signs of contrast enhancement but showed increased [ 11 C]MET uptake similar to findings of Bergstrom et al. (29) who demonstrated that Ͼ50% of the tumor would have not been detected on contrast enhanced CT alone. MRI and CT are necessary for stereotactic biopsy planing because morphologic information of location of blood vessels and eloquent brain areas is needed, and therefore, [ 11 C]MET-PET is an additional investigation that can give important information about target for biopsy and tumor extent to the neurosurgeon but cannot be evaluated without MRI.
In two patients with preirradiated recurrent glioblastoma, only gliosis with infiltrating tumor cells was represented in tissue specimens in contrast to high [ 11 C]MET uptake. At follow-up, both patients had continuous tumor progression according to MRI and [
11 C]MET-PET, and biopsy from one patient 3 months later showed the typical pattern of a glioblastoma. Biopsy specimens might not have been representative of the actual tumor mass in these patients. On the other hand, high [ 11 C]MET uptake could reflect remaining tumor activity after radiation before formation of new solid tumor tissue.
Histologic classification of samples has been proved challenging in a number of cases where it was difficult to differentiate between reactive gliosis and tumor infiltration mainly consisting of gliosis with sparsely scattered tumor cells. Vascularity was often increased without signs of endothelial proliferation.
One patient with gemistocytic variant of grade 2 astrocytoma had the highest [
11 C]MET uptake of all low-grade astrocytomas that might reflect the more aggressive behavior of this tumor type with its tendency to earlier malignant progression compared with other histologic subtypes (36) .
In conclusion, [ 11 C]MET-PET detects solid parts of brain tumors, as well as areas of infiltration with high sensitivity and specificity. Limited diagnostic accuracy only occurs in patients astrocytomas WHO grade 2 only. In this histologic subtype, [ 11 C]MET uptake is significantly higher in the infiltrating tumor parts compared with solid tumor tissue, most likely reflecting relatively high tumor activity in this area. Molecular imaging with [
11 C]MET-PET will improve diagnoses and management of patients with gliomas and is an excellent method to perform image guided therapy.
